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Abstract
In this paper the charged Higgs signal through triple or double Higgs production in a general two Higgs
doublet model (2HDM) is studied. The main production process is e+e− → H+H−H0 followed by the
charged Higgs decay to a pair of τν and the neutral Higgs decay to bb¯. The alternative process H+W−H0 is
also included as a source of charged Higgs signal in the analysis. The focus is on a future e+e− linear collider
operating at
√
s = 1.5 TeV. The final state under consideration (τ+τ−bb¯EmissT ) is suitable for electroweak
background rejection using the b−tagging tools. It is shown that although the signal cross section is small,
with a reasonable background suppression, high signal significance values are achievable at an integrated
luminosity 500 fb−1 depending on the charged Higgs mass, tanβ and the CP-odd neutral Higgs mass. Finally
results are quoted in terms of the signal significance for charged Higgs in the mass range 170 < mH± < 400
GeV.
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I. INTRODUCTION
The missing element of the Standard Model of Particle Physics has already been observed by
the two LHC experiment detectors, i.e., ATLAS and CMS [1, 2]. The mass of the particle is near
125 GeV. The question of possibility of existence of further Higgs bosons is, however, still open.
There are certainly motivating theoretical arguments for SM extentions; One of those being the
Higgs boson mass quadratic divergence when radiative corrections are included. A natural solution
to this problem is Supersymmetry [3, 4] which requires a non-minimal Higgs sector. In order to
build up a SUSY model, at least two Higgs doublets are required. The Minimal Supersymmetric
Standard Model (MSSM) is the simplest example of a supersymmetric model which belongs to two
Higgs doublet models (2HDM) [5]. In a general 2HDM, the Higgs sector consists of two charged
Higgs bosons, H±, two CP-even neutral Higgs bosons, h0, H0, and a CP-odd neutral Higgs, A0.
The lightest neutral Higgs boson, h0, is taken to be SM-like and is the candidate for the signal
observed at LHC. The study of two Higgs doublet models is therefore necessary as the first step to
construct a model whose structure is a little more complicated than SM.
There have been searches for Higgs bosons of non-SM type at LEP and Tevatron. A charged Higgs
with mH± < 89 GeV has been excluded by LEP for all tan β values [6]. The Tevatron searches by
D0 [7–10] and CDF [11–14] restrict the charged Higgs mass to be in the range m(H±) > 80 GeV
for 2 < tanβ < 30. The current published results from LHC exclude tan β > 10 with a charged
Higgs boson with mH± = 90 GeV [15, 16]. The above results are followed by the indirect limit
from b → sγ studies by the CLEO collaboration which exclude a charged Higgs mass below 300
GeV at 95 % C.L. in 2HDM Type II with tan β > 2 [17]. In general in terms of 2HDM types the
current conclusion is mH± > 300 GeV in 2HDM Type II and III. However, this lower bound
does not apply to types I and IV at high tan β [18]. In addition to the above constraints, there are
recent results from the CMS and ATLAS collaborations based on direct and indirect searches for
the charged Higgs boson within the MSSM framework. The CMS collaboration restricts a neutral
MSSM Higgs boson to be heavier than 200 GeV with tan β = 10, assuming a light neutral SM
Higgs boson around 125 GeV [19]. Therefore, an additional neutral Higgs should be heavier than
at least 200 GeV with tan β less than 10. This limit, does not exclude heavier Higgs bosons. Based
on this observation, and to allow for high tan β values, a neutral Higgs boson with a mass of 300
GeV is assumed in this paper. New results from ATLAS based on direct searches for the charged
Higgs indicate no charged Higgs lighter than 160 GeV with tan β > 20 [20]. Comparing these
results with CMS search report [21] and the fact that there is no exclusion for a charged Higgs
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boson heavier than 170 GeV by CMS, the starting point for the charged Higgs mass in this paper
is taken as 170 GeV.
The chosen mass points are also consistent with Bs → µ+µ− studies. The present measurement
accuracy of BR(Bs → µ+µ−) at LHCb indicates that including results from LHC searches for SUSY
and Higgs, a large fraction of SUSY parameter space is left unconstrained [22]. Therefore a search
for the charged Higgs in the mass range presented in this paper is not sensitive to Bs → µ+µ−
constraints.
The CP-odd Higgs boson mass is taken to be in the range 400 < mA < 600 GeV. The mass
splitting between the neutral Higgs bosons in this case may arise large terms for Feynman diagrams
involved in EW measurements such as the Z boson self-energy. We explicitely check the deviation
from SM observations using the ∆ρ parameter. Fig. 1 shows results for mH = 300 GeV, tan β = 10
and with three adopted values of mA. The global fit to SM electroweak measurements requires ∆ρ
to be O(10−3) [23]. Since Fig. 1 shows ∆ρ values within the same order of magnitude, therefore,
we conclude that the set of chosen mass points are consistent with EW precision measurements.
As a summary, LHC (CMS and ATLAS) results based on MSSM Higgs boson searches, b → sγ
results from CLEO, Bs → µ+µ− measurements from LHCb, electroweak observations and ∆ρ
measurements are all taken into account and a neutral Higgs boson with mH = 300 GeV and a
charged Higgs boson in the mass range 170 < mH± < 400 GeV is explored. The charged Higgs
boson lighter than the CLEO lower bound (300 GeV) is included as this limit is not yet confirmed
by direct searches for the charged Higgs at LHC. The paper is therefore dedicated to the search
for a heavy charged and neutral Higgs boson not yet excluded by LHC experiments.
II. THEORETICAL FRAMEWORK
Our theoretical basis is a two Higgs doublet model with the general potential as follows [24, 25].
V =m211Φ†1Φ1 +m222Φ†2Φ2 −
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†
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]
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2
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(1)
Hereafter, we use the usual abbreviations for parameters: sβ ≡ sin β, cβ ≡ cos β, tβ ≡ tan β,
sβ−α ≡ sin(β − α), cβ−α ≡ cos(β − α), λ345 = λ3 + λ4 + λ5. The free parameters of such a model
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FIG. 1: ∆ρ parameter as a function of charged Higgs mass for different mA values.
are
λ1, λ2, λ3, λ4, λ5, λ6, λ7,m
2
12, tβ (2)
in the general basis. The CP violation or Flavor Changing Neutral Currents (FCNC) are not
assumed as they are naturally suppressed via the Natural Flavor Conservation (NFC) mechanism
by imposing a Z2 symmetry on the Lagrangian [26, 27] which leads to the following requirement,
λ6 = λ7 = 0. (3)
By expressing λi (i ≤ 5) in terms of the Higgs boson masses, m212, α, tβ, λ6 and λ7 [28] the
alternative set of free parameters can be taken as
mh,mH ,mA,mH± , α, tβ ,m
2
12. (4)
Further simplification can be made by observing that m212 and λ5 are related through the following
relation:
m2A =
m212
sβcβ
− v
2
2
(2λ5 + λ6t
−1
β + λ7tβ). (5)
which reduces to m212 = m
2
Acβsβ if λ5 = λ6 = λ7 = 0. This requirement already exists in MSSM
[29–31] and has been used in triple Higgs studies [32, 33].
Therefore the following subset of parameters is enough to describe the model,
mh,mH ,mA,mH± , α, tβ . (6)
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or equivalently
mh,mH ,mA,mH± , sβ−α, tβ. (7)
III. THE CHARGED HIGGS PRODUCTION AT e−e+ LINEAR COLLIDERS
The charged Higgs observation potential at a linear e−e+ collider such as the International Lin-
ear Collider ILC [34, 35] or the Compact Linear Collider (CLIC) [36] has been studied extensively
in the literature. Most studies focus on charged Higgs pair production or in association with a
gauge boson. A list of such studies can be found in [37–51]. There are also studies of such processes
at muon colliders in [52–54]. The H+H− pair produced in e+e− collisions can be studied in two
final states. The charged Higgs decay to τν has a high branching ratio at low masses (mH± < 180
GeV), however, it reduces to small values when heavy charged Higgs is going to be analyzed. This
final state, i.e., τ+τ−EmissT suffers from the large background includingW
+W−, ZZ and Drell-Yan
Z(∗)/γ∗ production. The charged Higgs decay to tb¯ has a larger branching ratio for heavy charged
Higgs cases. However, it produces high particle multiplicity, as there are a pair of top and bottom
quarks in the final state.
In addition to studies of the charged Higgs bosons, double and triple neutral Higgs production has
also been addressed in [55, 56]. Such processes contain gauge or neutrinos associated with a pair of
neutral Higgs (double Higgs production) or a CP-odd associated with CP-even Higgs pairs (triple
Higgs production). Study of such processes requires a separated analysis as their final states are
different from what is considered here and can be done in the scope of a general 2HDM in a future
work. Therefore the current analysis involves processes which contain charged Higgs bosons.
IV. TRIPLE HIGGS COUPLINGS
The triple Higgs production can be regarded as a unique process for the charged Higgs studies
as in that case, it contains a pair of charged Higgs and a single neutral Higgs (H+H−H0 or
H+H−h0). Having the neutral Higgs decayed to bb¯, the final state has effectively two extra b−jets
as compared to the charged Higgs pair production. This feature makes it easy to be distinguished
from the background processes. The reason is lack of existence of true b−jets in SM background
events WW , ZZ and Z(∗)/γ∗. The tt¯ background can be reduced by a cut on the invariant mass
of the two b-jets.
The triple Higgs production has been studied in the context of linear colliders in different reports.
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In Ref. [57], radiative corrections to the triple Higgs coupling have been studied. The production
cross section of triple Higgs production at e+e− collisions has been studied in Ref. [58, 59], where
they analyze different sets of the Higgs boson masses and evaluate the cross section of different
processes which involve three Higgs bosons as a function of the center of mass energy of a linear
collider. The ratio of triple Higgs coupling in 2HDM to that in SM has been studied in detail in Ref.
[60] taking into account the perturbativity requirements on λi, vacuum stability and Higgs boson
mass limits from direct and indirect searches. The effect of triple Higgs coupling in the production
of Higgs pairs in 2HDM has been discussed in Ref. [61] for different set of center of mass energies
and integrated luminosities of a linear e+e− collider. A similar study has also been performed in
MSSM in Ref. [62]. A different work, reports the effect of quantum corrections and triple Higgs
self-interactions in the neutral Higgs pair production in 2HDM as a function of tan β and λ5 in
Ref. [63].
In what follows, the triple Higgs production is analyzed as the main source of charged Higgs bosons.
To this end, the triple Higgs couplings are used for the signal production as presented in [58, 64–
66]. For a better comparison, we briefly present H0H+H− couplings presented in the mentioned
references respectively in Eqns. 8, 9, 10, 11.
gH+H−H0 =
2mW sW
e
[ sβ−α(
1
4
s22β(λ1 + λ2) + λ345(s
4
β + c
4
β)− λ4 − λ5 − s2βc2β(λ6 − λ7))
+ cβ−α(
1
2
s2β(s
2
βλ1 − c2βλ2 + c2βλ345)− λ6sβs3β − λ7cβc3β))] (8)
gH+H−H0 =
mW sW s2β
e
[sβcαλ1 + cβsαλ2 − sβ+αλ345] + cβ−αλ3 (9)
gH+H−H0 =
e
mW sW s
2
2β
(c3βs2βsαm
2
H + cαs2βs
3
βm
2
H − 2sβ+αm212 + cβ−αs22βm2H±) (10)
gH+H−H0 =
e
mW sW s2β
[(m2H± −m2A0 +
1
2
m2H0)s2βcβ−α − (m2H0 −m2A0)c2βsβ−α] (11)
The first two expressions are based on λi’s, while the second pair are written in terms of the Higgs
boson masses. We check explicitly the above couplings and observe that they are equivalent when
λ5 = λ6 = λ7 = 0. Furthermore, the following relation is assumed:
sβ−α = 1 (12)
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This equation makes sure that the neutral lightest Higgs boson has the same couplings to gauge
bosons as the SM partner. It is therefore an SM-like Higgs boson. This is due to the fact that the
ratio of Higgs-gauge coupling in 2HDM to SM Higgs-gauge coupling can be expressed as follows [67]:
gh2HDMV V
ghSMV V
= sβ−α,
gH2HDMV V
gHSMV V
= cβ−α (13)
Since we use large β values, the above requirement (sβ−α = 1) leads to small and negative α
values. Moreover, in this limit (i.e., sβ−α = 1), the SM-like Higgs boson has the same coupling to
a pair of bottom quarks as in SM, because [67]
gh2HDMbb¯
ghSM bb¯
= −sα/cβ = sβ−α − tβcβ−α (14)
As all expressions quoted in Eqns. 8, 9, 10 and 11 are equivalent in the region of parameter space
studied in this paper (i.e., λ5 = λ6 = λ7 = 0 and sβ−α = 1), Eq. 11 is used for computational
purposes.
V. EVENT SIMULATION
The triple Higgs coupling presented in Eq. 11 is implemented in CompHEP 4.5.1 [68, 69]
for signal event generation at the hard interaction stage and cross section calculation. The
double Higgs production (H±W∓H0) is also simulated by CompHEP. The output of CompHEP
in LHEF format [70] is used by PYTHIA 8.1.53 [71] for further decay processing and particle
showering, initial and final state radiation and multiple interactions. The background events
are, however, simulated solely by PYTHIA which is used for both event generation and their
cross section calculation. The jet reconstruction is performed using FASTJET 2.4.1 [72] with the
anti-kt algorithm [73], a cone size of 0.4, and ET recombination scheme. For the calculation of
the particle spectrum, the renormalization group evolution program SuSpect [74] is used. The
output including the particles mass spectra and decays is written in SLHA format [75] and used
by PYTHIA for event generation. The neutral and charged Higgs branching ratio of decays are
calculated by 2HDMC 1.1 [76].
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VI. SIGNAL AND BACKGROUND EVENTS AND THEIR CROSS SECTIONS
The triple Higgs production can be either H+H−H0 or H+H−h0. However, according to the
corresponding couplings presented in Eqns. 15 and 16 (Ref. [58]), the H+H−H0 coupling is larger
than H+H−h0 in the limit sβ−α = 1, unless there is a very large mass difference between the
charged Higgs and CP-odd neutral Higgs.
H±H±H0 :
−ie
mW sW s2β
[
(m2H± −m2A +
1
2
m2H)s2βcβ−α − (m2H −m2A)c2βsβ−α
]
(15)
H±H±h0 :
−ie
mW sW s2β
[
(m2H± −m2A +
1
2
m2h)s2βsβ−α + (m
2
h −m2A)c2βcβ−α
]
(16)
Therefore the signal is assumed to be H+H−H0 or H+W−H0 production. The latter process
involves one charged Higgs but its cross section is comparable to the triple Higgs process. Therefore
by signal we mean a sum of the above two processes. In order to have a reasonable background
rejection, it is a convenient choice to assume the neutral Higgs decay to bb¯. Since the charged
Higgs decay to tb¯ produces a high multiplicity event, it is better to choose H± → τν decays which
produce τ -jets and EmissT in the final state. According to the Higgs-fermion Yukawa couplings
defined for the four types of 2HDM as in Tab. I (Ref. [18]), the type-II 2HDM is most suitable for
such a final state, because it provides the largest H± → τν and H0 → bb¯ branching ratio of decays
at high tan β .
Type
I II III IV
ρD κDt−1β −κDtβ −κDtβ κDt−1β
ρU κU t−1β κ
U t−1β κ
U t−1β κ
U t−1β
ρL κLt−1β −κLtβ κLt−1β −κLtβ
TABLE I: The four types of a general 2HDM in terms of the couplings in the Higgs-fermion Yukawa sector.
As a summary the full signal production process is
e+e− → H+H−H0(H+W−H0)→ τ+τ−bb¯EmissT (17)
The Feynman diagram of signal events (triple Higgs production) is shown in Fig. 2. The Higgs
coupling depends on m2A − m2H according to Eq. 11. The neutral Higgs mass (mH0) has to be
greater than mh0 , and be small enough to allow for heavy charged Higgs masses to be produced at
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the linear collider, however, it is constrained from below by LHC searches for neutral H → ττ . A
neutral Higgs with mH0 = 300 GeV is well outside the excluded area. Therefore, we set mH0 = 300
GeV throughout the paper. Now the cross section can increase if mA increases resulting in larger
m2A − m2H factors. Therefore the signal total cross section has been plotted as a function of
the charged Higgs mass for different tan β and mA values in Figs. 5, 6, 7. The charged Higgs
branching ratio of decay to τν at 2HDM type-II is shown in Fig. 3. Other decay channels such as
H+ →W+H0 and H+ →W+A0 lead to three or four particles for each charged Higgs decay and
are not considered as their identification is difficult due to limited particle identification efficiencies
and detector considerations. The main decay channels of the neutral Higgs are also shown in
terms of branching ratios in Fig. 4. Similar results are observed for other values of tan β .
The neutral Higgs branching ratio of decay to bb¯ decreases with increasing Higgs boson mass,
therefore higher cross sections are expected for lighter neutral Higgs bosons. The decay channel
H → H±W∓ leads to three charged Higgs bosons in the final state of the main process and is
not considered here although it acquires a higher branchig ratio than bb¯. Other decay channels,
e.g., H0 → h0h0, H0 → W+W− and H0 → Z0Z0 vanish as they are proportional to cβ−α and
this analysis is based on sβ−α = 1. Therefore as long as the lightest neutral Higgs is required
to be SM-like with sβ−α = 1, such decay channels do not play a role. The cross section times
branching ratio of the triple Higgs production is thus obtained using branching ratios presented
in Figs. 3,4. Results are shown in Figs. 8, 9 and 10. The double Higgs production originates
from different decay chains, e+e− → A0H0 → H+W−H0 and e+e− → H+H− → H+W−H0.
Therefore, its cross section depends on mA0 , mH0 and mH± . Figure 11 shows the cross section
of this process times BR(H± → τν)×BR(H0 → bb¯). A double charged Higgs production through
e+e− → H+H− → tb¯τ ν¯ → W+bb¯τ ν¯ → τ+νbb¯τ ν¯ was also explicitly checked and turned out to
make no contribution to the signal as it was suppressed by the cut on the bb¯ invariant mass.
The background events are SM processes, ZZ, WW , Z(∗)/γ∗ and tt¯ with cross sections 0.13,
1.8, 2.0 and 0.1 pb respectively at
√
s = 1.5 TeV. If Z → ττ and Z → bb¯ decays occur, the ZZ
process can lead to ττbb¯ final state. The tt¯ events are also important background events as they
contain two b-jets. Other sources of triple Higgs, e.g., h0H+H− and A0H+H− turn out to be
negligible with a cross section of the order 10−6 pb.
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FIG. 2: The e+e− → H+H−H0 production process.
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FIG. 3: The charged Higgs branching ratio of decay to τν.
VII. EVENT SELECTION AND ANALYSIS
Signal events contain four jets: two τ -jets and two b-jets. Therefore three requirements on the
number of jets are to be applied to separate signal and background, i.e., the cut on the number of
all jets (with a kinematic cut as deduced from the jet transverse energy distributions), the cut on
the number of τ -jets which are signatures of the charged Higgs and a separated cut on the number
of b-jets. The two b-jets originate from a neutral heavy Higgs boson in signal events, therefore, their
invariant mass should lie within a mass window tuned by the neutral Higgs mass. Finally as there
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FIG. 4: The neutral Higgs branching ratio of decays.
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FIG. 5: The signal cross section with tanβ =10
are two neutrinos in the event, a requirement on the minimum missing transverse energy should
help suppression of some background events like single or double Z bosons. From detector point
of view, such requirements imply experimental uncertainties due to the jet energy scale, b-tagging
efficiency, τ -identification efficiency and missing transverse energy resolution. These uncertainties
should be taken into account in a real analysis when a reasonable knowledge of their values is
achieved.
In order to start event selection kinematic distributions are studied. Figure 12 shows the (any)
jet transverse energy distribution. Therefore the first step in signal selection is to require at least
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FIG. 6: The signal cross section with tanβ =20
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FIG. 7: The signal cross section with tanβ =50
four jets in the final state with kinematic cuts on the jet transverse energy and pseudorapidity as
in Eq. 18. The pseudorapidity is defined as η = − ln tan(θ/2) and θ is the polar angle evaluated
with the respect to the beam axis. This requirement is basically applied in order to reject soft
and forward/backward jets whose reconstruction error may be large. In addition, there are SM
backgrounds which are suppressed by the kinematic cuts on jets, as they produce softer jets than
those of the signal events. As seen from Fig. 12, background events tend to produce jets with
EjetT ≃ 50 GeV because the decaying particle, which produces the jet, is either Z or W boson. A
harder cut may suppress a large fraction of such backgrounds, however, the signal cross section is
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FIG. 8: The signal cross section times branching ratio of charged and neutral Higgs decays with tanβ =10
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FIG. 9: The signal cross section times branching ratio of charged and neutral Higgs decays with tanβ =20
small at heavy charged Higgs area. Therefore we avoid hard cuts in order to keep the signal events
at a reasonable minimum.
EjetT > 30GeV, |η| < 3 (18)
Selected jets are counted in the second step. Figure 13 shows the number of reconstructed jets
passing the requirement of Eq. 18. A cut on the number of reconstructed jets is applied as in Eq.
19.
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FIG. 10: The signal cross section times branching ratio of charged and neutral Higgs decays with tanβ =50
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FIG. 11: The H+W−H0 signal cross section times branching ratio of charged and neutral Higgs decays.
Number of jets (satisfying Eq. 12) ≥ 4 (19)
In the next step, a τ -ID algorithm is applied to jets, similar to the algorithm used by LHC ex-
periments [77]. The algorithm starts with a cut on the transverse energy of the hardest charged
particle track in the τ -jet cone as ET > 20GeV. This requirement is basically applied as we expect
a low charged particle multiplicity in τ hadronic decay which results in a large fraction of the τ
energy to be carried by the leading track (the charged pion). The isolation requirement further
uses the above feature of the τ hadronic decay by requiring no track with pT > 1 GeV to be in the
annulus defined as 0.1 < ∆R < 0.4. Here ∆R =
√
(∆η)2 + (∆φ)2 and φ is the azimuthal angle.
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FIG. 12: The jet transverse energy distribution in signal and background events.
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FIG. 13: The jet multiplicity in signal and background events.
The ∆ is calculated between the cone surface and the cone axis defined by the hardest track. The
number of signal tracks are then calculated by searching for tracks in the cone defined around the
hardest track with ∆R < 0.07. Since τ leptons decay predominantly to one or three charged pions,
we require the number of signal tracks to be one or three. A jet (a τ lepton candidate) has to pass
all above requirements to be selected as a τ lepton. Figure 14 shows the τ -jet multiplicity in signal
and background events. Finally we require that there should be two τ -jets satisfying all above
requirements in the event. The selection of b-jets is started at this stage, by selecting jets which
are within ∆R < 0.4 with respect to the generated b or c quarks. A jet is tagged as a b-jet with
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FIG. 14: The τ -jet multiplicity in signal and background events.
a probability of 60% (10%) if it matches a b-quark (c-quark). The above numbers are assumed as
the b-tagging efficiency and fake rate respectively. Figure 15 shows the number of b-tagged jets in
signal and background events. For the signal selection, we require two b-jets in the event.
In the next step the above two jets are used for bb¯ invariant mass reconstruction. Figure 16 shows
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FIG. 15: The b-jet multiplicity in signal and background events.
the distribution of the b-jet pair invariant mass in signal and the only remaining background at this
stage. As seen from Fig. 16, the b-jet pair invariant mass tends to peak at 150 GeV (the neutral
Higgs boson mass) in signal events while for the ZZ background the bb¯ invariant mass obviously
peaks at the Z mass. Based on this observation the requirement presented in Eq. 20 is applied on
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the distribution of b-jet pair invariant mass.
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FIG. 16: The b-jet pair invariant mass distribution in signal and background events.
bb¯ invariant mass > 120 GeV (20)
As the last step, the missing transverse energy is reconstructed as the negative vectorial sum of
particle momenta in the transverse plane as shown in Fig. 17. Based on the distribution shown in
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FIG. 17: The missing transverse energy distribution in signal and background events.
Fig. 17, the requirement of Eq. 21 is applied on signal and background events.
EmissT > 30 GeV (21)
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VIII. RESULTS
An event has to pass all requirements in the previous section to be selected. Selection cuts
are applied one after the other, and relative efficiencies and the total efficiency of the signal and
background selection is calculated. The final number of events, of course depends not only on
the total selection efficiency, but also on the cross section of events. In case of signal, the cross
section depends on tan β , mH± and mA and branching ratio of Higgs decays. Table II shows the
signal and background selection efficiencies. The selection efficiencies are used in the next step to
Signal, mH± :
170 GeV 200 GeV 250 GeV 300 GeV 400 GeV Background
HHH HHW HHH HHW HHH HHW HHH HHW HHH HHW ZZ Z(∗)/γ∗ WW tt¯
Four jets 0.64 0.64 0.63 0.63 0.63 0.59 0.63 0.63 0.62 0.62 0.24 0.052 0.22 0.91
Leading track 0.99 1 0.99 1 0.99 1 0.99 1 0.99 0.99 0.87 0.95 0.92 0.96
Isolation 0.87 0.69 0.88 0.69 0.89 0.78 0.9 0.63 0.9 0.83 0.35 0.092 0.6 0.24
Number of signal tracks 0.99 0.97 0.99 0.97 0.99 0.97 0.99 0.96 0.99 0.99 0.87 0.37 0.95 0.87
Two τ -jets 0.41 0.2 0.43 0.21 0.45 0.28 0.47 0.22 0.5 0.1 0.68 0.6 0.19 0.071
τ -jet charge 1 0.99 1 0.99 1 1 1 0.99 1 0.99 1 1 1 0.97
Two b-jets 0.82 0.84 0.82 0.84 0.82 0.85 0.82 0.82 0.82 0.81 0.15 0 0 0.61
bb¯ inv. mass 0.88 0.94 0.88 0.93 0.88 0.94 0.87 0.93 0.85 0.96 0.041 nan nan 0.33
EmissT 0.99 0.98 0.98 0.99 0.98 0.83 0.99 1 0.98 0.99 0.28 nan nan 0.9
Total eff. 0.16 0.064 0.17 0.067 0.18 0.082 0.18 0.063 0.19 0.039 7.7e-05 0 0 0.0023
TABLE II: Signal and background selection efficiencies. HHH and HHW mean triple and double Higgs
processes respectively. The signal selection efficiencies are assumed to be independent of tanβ and mA.
calculate the number of signal and background events at a given point in parameter space. The
signal significance is calculated as NS/
√
NB , where NS(NB) is the signal (background) number of
events after all selection cuts. The significance depends on tan β and mA due to the dependence of
cross section to these parameters. Therefore different plots are produced for each value of tan β and
mA as shown in Figs. 18, 19, 20.
IX. CONCLUSION
The triple Higgs boson production was analyzed as a source of charged Higgs pairs. The analysis
was performed for a linear e+e− collider operating at
√
s = 1.5 TeV and results were presented
with a normalization to an integrated luminosity of 500 fb−1.
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FIG. 18: The signal significance with tanβ =10, as a function of the charged Higgs mass and with different
mA values at
√
s = 1.5 TeV and integrated luminosity 500 fb−1.
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FIG. 19: The signal significance with tanβ =20, as a function of the charged Higgs mass and with different
mA values at
√
s = 1.5 TeV and integrated luminosity 500 fb−1.
The theoretical framework was set to 2HDM type-II containing an SM-like light Higgs boson with
a mass equal to the current LHC observations. The effect of the CP-odd neutral Higgs mass in
the production cross section and the signal significance was studied and it was concluded that
increasing mA could increase the signal significance very sizably. The signal significance depends
also on tan β .
Thanks to the b-tagging tools, a reasonable background suppression is achieved leading to high
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FIG. 20: The signal significance with tanβ =50, as a function of the charged Higgs mass and with different
mA values at
√
s = 1.5 TeV and integrated luminosity 500 fb−1.
signal significance values for some areas of the parameter space which correspond to heavy CP-odd
neutral Higgs and high tan β . Finally the signal significance was presented as a function of the
charged Higgs mass, mA and tan β .
The analysis reveals the future linear colliders potential for a heavy charged Higgs observation
if LHC fails to do so. If the charged Higgs is heavier than 300 GeV, it may escape from LHC
experiments. In such a scenario a linear collider with enough integrated luminosity higher than
500 fb−1 would probably be the only experiment which could provide some news about this particle
in the future.
[1] The ATLAS Collaboration, Phys. Lett. B 716 (2012) 1-29, arXiv:1207.7214 [hep-ex]
[2] The CMS Collaboration, Phys. Lett. B 716 (2012) 30-61, arXiv:1207.7235 [hep-ex]
[3] H. P. Nilles, Phys. Rep. 110 (1984) 1
[4] H. E. Haber and G. L. Kane, Phys. Rep. 117 (1985) 75
[5] S. P. Martin, hep-ph/9709356
[6] LEP Higgs Working Group, hep-ex/0107031
[7] The D0 Collaboration, Phys. Rev. Lett. 82 (1999) 4975
[8] The D0 Collaboration, D0 Note 5715-CONF
[9] The D0 Collaboration, arXiv:0906.5326 [hep-ex]
[10] The D0 Collaboration, Phys. Rev. D 80 (2009) 071102(R)
20
[11] The CDF Collaboration, Phys. Rev. Lett. 96 (2006) 042003
[12] G. Yu on behalf of the CDF Collaboration, AIP Conf. Proc. 1078, 198 (2008)
[13] The CDF Collaboration, arXiv:0907.1269 [hep-ex]
[14] The CDF Collaboration, Phys. Rev. Lett. 103 (2009) 101803
[15] The ATLAS Collaboration, JHEP 06 (2012) 039, arXiv:1204.2760 [hep-ex]
[16] The CMS Collaboration, JHEP 07 (2012) 143, arXiv:1205.5736 [hep-ex]
[17] M. Misiak et al., Phys. Rev. Lett. 98 (2007) 022002, arXiv:hep-ph/0609232
[18] F. Mahmoudi and O. St˚al, Phys. Rev. D 81 (2010) 035016, arXiv:hep-ph/0907.1791
[19] The CMS Collaboration, CMS PAS HIG-13-021
[20] The ATLAS Collaboration, ATLAS-CONF-2013-090
[21] The CMS Collaboration, CMS-HIG-11-019
[22] A. Arbey, et al., Phys. ReV. D 87 (2013) 035026, arXiv:hep-ph/1212.4887 [hep-ph]
[23] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86 (2012) 010001
[24] S. Davidson and H. E. Haber, Phys. Rev. D 72 (2005) 035004, hep-ph/0504050. Erratum: Phys. Rev.
D 72 (2005) 099902
[25] H. E. Haber and D. O’Neil, Phys. Rev. D 74 (2006) 015018, hep-ph/0602242. Erratum: Phys. Rev. D
74 (2006) 059905(E)
[26] S. L. Glashow and S. Weinberg, Phys. Rev D 15 (1977) 1958
[27] I. F. Ginzburg and M. Krawczyk, Phys. Rev. D 72 (2005) 115013, hep-ph/0408011
[28] J. F. Gunion, H. E. Haber, Phys. Rev. D 67 (2003) 075019, hep-ph/0207010
[29] K. Inoue, et al., Prog. Theor. Phys. 68 (1982) 927
[30] J. F. Gunion and H. E. Haber, Nucl. Phys. B 272 (1986) 1
[31] M. S. Carena and H. E. Haber, Prog. Theor. Part. Nucl. Phys. 50 (2003) 63, hep-ph/0208209
[32] G. Ferrera, et al., Phys. Lett. B 659 (2008) 297, arXiv:0707.3162 [hep-ph]
[33] G. Ferrera, et al., PoS RADCOR2007 (2007) 043, arXiv: 0801.3907 [hep-ph]
[34] http://www.linearcollider.org/
[35] International Linear Collider, Reference Design Report, arXiv:0712.1950
[36] http://clic-study.org/
[37] S. Komamiya, Phys. Rev. D 38 (1988) 2158
[38] M. Hashemi, Phys. Rev. D 86 (2012) 115002, arXiv:1202.1701
[39] S. Moretti, Eur. Phys. Jour. C 4 (2002) 15, arXiv:hep-ph/0206208
[40] S. Moretti, arXiv:hep-ph/0209210
[41] A. Gutierrez-Rodriguez, et al., hep-ph/9911361
[42] S. Kanemura, et al., JHEP02(2001)011, arXiv:hep-ph/0012030
[43] S. Kanemura, et al., arXiv:hep-ph/0101354
[44] B. A. Kniehl, et al., Phys. Rev. D 66 (2002) 054016, arXiv:hep-ph/0205312
[45] B. A. Kniehl, et al., arXiv:1009.3929 [hep-ph]
21
[46] O. Brein, et al., Eur. Phys. J. C 34 (2004) 157, arXiv:hep-ph/0402053
[47] S. H. Zhu, arXiv:hep-ph/9901221
[48] A. Arhrib, et al., Nucl. Phys. B 581 (2000) 34
[49] S. Kanemura, Eur. Phys. J. C 17 (2000) 473, arXiv:hep-ph/9911541
[50] H. E. Logan, et al., Phys. Rev. D 66 (2002) 035001, arXiv:hep-ph/0203270
[51] H. E. Logan, et al., Phys. Rev. D 67 (2003) 017703, arXiv:hep-ph/0206135
[52] M. Hashemi, Eur. Phys. Jour. C 72 (2012) 2207, arXiv:1206.2155
[53] M. Hashemi, Int. Jour. Mode. Phys. A 27 (2012) 1250165, arXiv:1207.3490
[54] M. Hashemi, Commun. Theor. Phys. 61 (2014) 69, arXiv:1310.7098
[55] M. M. Muhlleitner, arXiv:hep-ph/0008127
[56] A. Djouadi, et al., arXiv:hep-ph/9903229
[57] S. Kanemura, et al., Phys. Lett. B 606 (2005) 361, arXiv:hep-ph/0411354
[58] G. Ferrera, et al., Phys. Lett. B 659 (2008) 297, arXiv:0707.3162
[59] G. Ferrera, et al., PoSRADCOR2007 (2007) 043, arXiv:0801.3907
[60] A. Arhrib, et al., Phys. Rev. D 77 (2008) 115013, arXiv:0802.0319
[61] A. Gutie´rrez-Rodr´ıguez, et al., Jour. Phys. Soc. Jap. 77 (2008) 094101, arXiv:0807.0663
[62] A. Gutie´rrez-Rodr´ıguez, et al., Int. Jour. Mod. Phys. A 24 (2009) 5299, arXiv:0903.1383
[63] D. Lo´pez-Val and J. Sola`, Phys. Rev. D 81 (2010) 033003, arXiv:0908.2898
[64] J. F. Gunion, H. E. Haber, Phys. Rev. D 67 (2003) 075019, arXiv:hep-ph/0207010
[65] I. F. Ginzburg, M. Krawczyk, Phys. Rev. D 72 (2005) 115013, arXiv:hep-ph/0408011
[66] M. N. Dubinin, A. V. Semenov, arXiv:hep-ph/9812246
[67] F. Boudjema and A. Semenov, Phys. Rev. D 66 (2002) 095007, arXiv:hep-ph/0201219
[68] E. Boos, et al., Nucl. Instrum. Meth. A 534 (2004) 250, arXiv:hep-ph/0403113
[69] A. Pukhov, et al., Preprint INP MSU 98-41/542, arXiv:hep-ph/9908288
[70] Comput. Phys. Commun. 176 (2007) 300-304, arXiv:hep-ph/0609017
[71] T. Sjstrand et al, JHEP05 (2006) 026
[72] M. Cacciari and G. P. Salam, Phys. Lett. B 641, 57 (2006) , arXiv:hep-ph/0512210
[73] M. Cacciari, G. P. Salam and G. Soyez, JHEP 0804, 063 (2008), arXiv:0802.1189
[74] A. Djouadi, J. Kneur, G. Moultaka, hep-ph/0211331
[75] P. Skands, et al., hep-ph/0311123
[76] D. Eriksson, et al., Comput. Phys. Commun. 181 (2010) 189, arXiv:0902.0851
[77] CMS Collaboration, CMS Physics, Technical Design Report, volume I, CERN-LHCC-2006-001
22
